Various modifications ofthe benzidine method for the determination of plasma hemoglobin have been in common use for over 50 years (1 ) . No other chemical technique is as sensitive, but it has many disadvantages.
It is not specific for hemoglobin, because it measures any heme-containing compound that has peroxidase activity, including myoglobin, cytochromes, peroxidases, catalase, and methemalbumin (2) . Reaction mixtures often become turbid. The rate of color development is critically dependent on reagent volumes, their concentrations (3) , and the presence of unknown constituents of plasma (1, 4) . Benzidine itself is known to be a carcinogen, although less-hazardous derivatives can be substituted (5) .
In this communication we point out another disadvantage of the benzidine technique: it measures hemoglobin in erythrocytes as well as that free in plasma.
We have previously described an unusual hematologic condition in mice and rats exposed to high altitude in which a significant hemoglobinemia co-exists with a greatly increased hematoerit (6) . Because of the very high hematocrit and the small volume of blood samples, it was often difficult to separate cells cleanly from plasma. Even blood specimens from sea-level control animals appeared to contain some erythrocytes that resisted centrifugation.
Repeat centrifugation of rat plasma samples often resulted in the sedimentation of additional cells, something that is rarely true of (9) , it cannot react with intracellular hemoglobin. The absorbance of the mixture is determined at 540 nm, and sodium cyanide is then added in excess. Cyanide ion complexes with methemoglobin to form cyanomethemoglobin, which has an absorption maximum at 540 nm. The difference in absorbance before and after cyanide (A2 -A1 = AAo) is proportional to the free hemoglobin concentration. Cyanide readily penetrates the intact erythrocyte membrane, but it does not react with oxyhemoglobin. Because the analysis is based on an increase in absorbance, the contributions of is proportional to the free hemoglobin concentration.
Materials and Methods

Apparatus and Principles
For mouse plasma we found it convenient to use a cuvette with a 1-cm light path but with a total volume of about 1 ml. A 0.1-ml aliquot of mouse plasma was diluted with 0.9 ml of phosphate buffer, but the procedure was otherwise the same.
The and working standards were prepared by diluting 100-, 200-fold, and so forth, with saline. Calibration curves (e.g., Figure   1 ) were prepared by following the assay procedure above.
Animals
Male and female albino mice (25 to 35 g) and male and female albino rats (200 to 250 g) were obtained from Charles River Breeding Laboratories (Wilmington, Mass.). Both species were anesthetized with ether. In the case of the rats, the vena cava was exposed through an abdominal incision. An 18-gauge needle attached via a polyethylene cannula to a 50-mi plastic syringe was inserted into the vein. AS-to 10-ml blood sample was gently aspirated into heparin. Blood samples from anesthetized mice were obtained by decapitation.
The animals bled spontaneously into 50-mi beakers containing heparmn. Blood samples were centrifuged in plastic tubes, and the plasma was separated by aspiration into Pasteur pipettes.
Results
Typical calibration curves for human, rat, and mouse plasma hemoglobin are shown in Figure 1 . All three calibrations appear to pass through the origin within experimental
error. An analysis of variance failed to show significant differences between the results for human and rat hemoglobin; presumably these may be used interchangeably for calibration.
The different slope in the case of mouse hemoglobin is accounted for by the different dilution, i.e., 10-fold vs. the fourfold dilution for rat and human plasma.
From the results of Figure 1 and other data not shown we estimate the lower limit of sensitivity of this technique to be about 10 to 20mg/liter. Thus, the method is not adequate for measurement of "normal" human plasma hemoglobin, which rat hemoglobin in saline; 0, mouse harmgloOm in saline. The latter was diluted 10-fold in buffer; rat and hisnan plasns were diluted fourfold in buffer for spectrophotometric readings. The values on the abscissa refer to the concentrations in plasma.' The SEM for replicate detenNnations ranged from 1.9to 6.2% of the mean value.The average SEM. 4% of the mean value, is smaller than the helt of the symbolsusedfor the various species is said to be on the order of 3 to 4 mg/liter (2-4). We encountered no difficulty, however, in measuring the plasma hemoglobin concentration in normal adult rats and mice. As shown in Table 1 , no significant sex-related differences in plasma hemoglobin were encountered, but the normal value for rats is more than 10-fold higher than that for man and the normal value for mice is higher than that for man by 100-fold. Considerable variation is also apparent in the values. It is unlikely that the differences between results for mice and rats in Table   1 are due to the different techniques for blood collection. Blood collected from rats by decapitation did not differ in its plasma hemoglobin content from blood collected from the vena cava (data not shown). Moreover, exposure to altitude results consistently in statistically significant increases in plasma hemoglobin above the values shown in Table 1 for either species (6).
The specificity of this technique for free hemoglobin is shown in Figure 2 . The top half of Figure 2 shows results obtamed with a scanning spectrophotometer for a sample of human plasma to which a solution of human hemoglobin has been added to a concentration of 0.8 g/liter. In scan A the appropriately diluted sample shows the characteristic visible absorption spectrum of oxyhemoglobin with its twin maxima at 577 and 541 nm. After the addition of ferricyanide in scan B, the value for A1 is 0.044. Cyanide was added before scan C, Table 2 shows that human plasma containing added human hemoglobin exhibits a linear correlation between absorbance and hemoglobin concentration, whether tested by the benzidine technique (1) or by our method. In contrast, when human plasma containing the same concentrations of hemoglobin, added as intact erythrocytes, was tested by the two methods, the benzidine technique still responded positively to the hemoglobin whereas our method gave totally negative results. We are at a loss to explain the somewhat higher absorbance readings by the benzidine method in the case of erythrocytes.
Discussion
Because of the many difficulties with the benzidine technique, it is generally agreed that when the plasma concen- then intracellular oxyhemoglobin will contribute to the total absorbance and result in error (e.g., Figure 2) . A second optical technique based on difference spectrophotometry is said to be sensitive enough to measure normal plasma hemoglobin concentrations in man (2) . We have not specifically tested the point, but we believe that contaminating erythrocytes will result in analytical errors in that method also. Identical plasma samples are gassed with nitrogen and treated with sodium dithionite to convert the plasma hemoglobin to the reduced (deoxy) form. One sample is then gassed with carbon monoxide to convert the pigment to carboxyhemoglobin, and the increase in absorbance is assumed to be proportional to the plasma hemoglobin concentration. In this method all the reagents employed (nitrogen, dithionite, and carbon monoxide) readily penetrate the erythrocyte membrane and, therefore, would produce spectral shifts in both intraand extracellular pigment.
We assume that one or more of the reagents in the benzidine technique is responsible for hemolysis and that the hemoglobin so liberated is measured along with any that was already present. Hydrogen peroxide is well known to be a hemolytic agent, but high concentrations of acetic acid are also present.
In numerous studies of the benzidine technique as applied to the determination of normal plasma hemoglobin concentrations in man, as much or more attention was paid to the techniques for the collection of the blood sample and its handling as to the analysis itself (1) (2) (3) (4) 10) . These elaborate protocols were said to minimize artifactual hemolysis. It is, therefore, somewhat ironic that the elimination ofa very important source of error, namely erythrocytes, should depend in practice only on visual inspection. Important as the recommended protocols may be, they cannot be applied to rodents, particularly after altitude exposure. We are satisfied that the hemogiobinemia in these animals occurs in vivo and not as a result of hemolysis during blood collection because they have a concomitant hemoglobinuria (6) . Rodent erythrocytes are not unusually fragile. When evaluated in a group of 15 domestic and laboratory animals, mouse erythrocytes ranked eight and rat erythrocytes ranked nine in order of decreasing osmotic resistance (I I ). The rank order of the two species is the reverse ofthat which might have been predicted from the results of Table 1 . Perhaps the most critical key to the successful use of this procedure is adequate buffering of plasma samples. With less-concentrated buffers we often encountered turbidity and drift in absorbance with time. The visible absorption spectrum of methemoglobin is exquisitely sensitive to changes in pH, whether the pigment exists free in solution or intracellularly (9) . At the same time the buffer-diluent must have approximately the same osmolality as plasma to avoid hemolysis of the contaminating erythrocytes. There seems to be no reason why this technique cannot be adapted to measure hemoglobin in urine. By performing identical analyses on two aliquots of urine, one of which was frozen and thawed or treated with detergent, one could estimate the total hemoglobin as well as the intra-and extracellular fractions.
